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INTRODUCTION
The maintenance of chromosome integrity depends critically upon the accurate replication of the genome in S-phase and the faithful segregation of sister chromatids in M-phase. A failure to efficiently execute sister chromatid disjunction can lead to the formation of anaphase DNA bridges and micronuclei (Lengauer et al., 1998) . Mitotic chromosome nondisjunction can also generate aneuploidy, a near universal characteristic of solid tumours in humans (Gisselsson, 2003) . Although it was thought for decades that anaphase DNA bridging was a very rare event during an unperturbed cell cycle, recent evidence has overturned this view (Baumann et al., 2007; Chan et al., 2007) . It is now established that most mitoses are associated with the formation of so-called ultra-fine anaphase DNA bridges (UFBs), which had escaped detection previously because they cannot be stained with commonly-used DNA dyes (e.g. DAPI) and do not appear to contain histones (Baumann et al., 2007; Chan and Hickson, 2011; Chan et al., 2007) . UFBs are readily detectable in early anaphase, but their number declines sharply as anaphase progresses, suggestive of active resolution in anaphase itself (Baumann et al., 2007; Chan et al., 2007) .
Most UFBs originate from centromeric DNA (Baumann et al., 2007; Chan et al., 2007) . This perhaps reflects the intertwining (catenation) of the DNA between sister-centromeres that contributes to the maintenance of centromeric cohesion until the metaphase to anaphase transition is triggered by the destruction of the cohesin complex (Kaulich et al., 2012; Wang et al., 2010; Wang et al., 2008) . Although this putative physiological role for UFBs is plausible, it is clear that some UFBs arise from common fragile site loci, and these UFBs very likely arise due to pathological DNA transactions (Chan and Hickson, 2011; Chan et al., 2009; Naim and Rosselli, 2009) . Fragile sites are regions of the genome prone to breakage in metaphase, and are thought to represent loci where the completion of DNA replication is delayed or problematic (Durkin and Glover, 2007) . Both classes of UFB (centromeric and fragile site-associated) can be visualized via immuno-fluorescence using antibodies to either the PICH protein or any of the so-called BTRR protein complex comprising BLM, Topoisomerase IIIα, RMI1 and RMI2 (Baumann et al., 2007; Chan and Hickson, 2011; Chan et al., 2007; Wang et al., 2010; Ying and Hickson, 2011) . BLM is the protein defective in Bloom's syndrome (BS), a rare condition associated with dramatic cancer predisposition (German, 1993) . At the cellular level, BS is characterised by genomic instability, including an elevated frequency of sister chromatid exchanges, micronuclei and anaphase bridging (Chu and Hickson, 2009) .
PICH is an SNF2 family member that was identified initially as a binding partner of the mitotic regulatory kinase, PLK1 (Baumann et al., 2007) . There have been several phenotypes reported for mammalian cells depleted of PICH. These include effects on mitotic checkpoints and metaphase chromosome architecture, but many of these phenotypes were not seen in all studies, probably due to off-target effects of the siRNAs (Baumann et al., 2007; Kurasawa and Yu-Lee, 2010; Leng et al., 2008) . Recent data, derived from the use of more specific siRNAs or the microinjection of anti-PICH antibodies, indicate that impairment of PICH function leads to an elevation in the frequency of bulky (DAPIpositive) anaphase bridges (Hubner et al., 2010) . It has also been proposed previously that the role of PICH is to remodel nucleosomes on DNA, a characteristic activity of some SNF2 family members (Ke et al., 2011) . This would be a plausible role, given that UFBs seem to lack histones (Baumann et al., 2007; Chan et al., 2007) . However, PICH also binds similarly to chromatinized anaphase bridges (Baumann et al., 2007; Chan et al., 2007) , suggesting that PICH is unlikely to act as a simple histone 'evictor'. What is clear is that PICH generally coats UFBs along their entire length, irrespective of whether the cell is in early or late anaphase, and its binding is therefore not confined to any region of the UFB such as the location of the presumed catenated DNA. The BTRR complex also coats UFBs along their length, but this association is dependent upon PICH (Chan and Hickson, 2011; Chan et al., 2007; Ke et al., 2011; Ying and Hickson, 2011) .
In order to understand the dynamics of UFB processing by PICH, we have monitored PICH interactions with DNA in real time. Using an instrument that combines single-molecule fluorescence microscopy with optical trapping, we created a laboratory mimic of a cellular anaphase that contains a PICH-bound UFB. Using this set-up, we have tested whether PICH has an inherent ability to recognize features of DNA that might exist uniquely in a UFB. It was of particular interest to test the hypothesis that PICH has an inherent bias in its binding to DNA molecules that are under tension, as might be expected for UFBs tethered at each end by sister chromatids being progressively pulled in opposite directions as anaphase proceeds.
RESULTS

Purification of different forms of PICH protein
To analyze the biochemical and biophysical properties of the PICH protein, we expressed four versions of recombinant human PICH in insect cells and purified the proteins to homogeneity ( Figure S1A ). Two of these proteins were non-fluorescent versions for use in ensemble studies, and were designated native PICH and PICH-K128A (with a substitution of the essential lysine required for ATP binding). The other two, designated PICH-eGFP and eGFP-PICH, were fluorescent variants for use in single molecule studies.
PICH is a DNA-dependent ATPase and an ATP-dependent translocase
First, we analyzed the native PICH and PICH-K128A proteins for their ability to hydrolyze ATP. PICH displayed a robust, DNA-dependent ATPase activity that was, as expected, absent from the PICH-K128A protein ( Figure S1B ). This result indicates that ATPase activity is an intrinsic property of PICH, and not due to a protein contaminant in the PICH preparation. SNF2 family proteins generally utilize the energy derived from ATP hydrolysis to translocate on dsDNA, but are incapable of translocating along ssDNA and cannot, therefore, act as helicases to separate the complementary strands of a DNA duplex (Enemark and Joshua-Tor, 2008; Pazin and Kadonaga, 1997) . As expected, and as shown in an earlier report (Ke et al., 2011) , PICH lacked DNA strand separating activity (unlike BLM, a positive control; Figure S1C ). To analyze PICH's ability to act as a dsDNA translocase, we employed the conventional DNA triplex assay in which the displacement of a radioactively labelled triplex-forming oligonucleotide from a DNA duplex is monitored. Native PICH, but not PICH-K128A, was able to catalyze triplex displacement in a concentration-and timedependent manner ( Figure 1A/B) . We then engineered various changes into the structure of the triplex-forming oligonucleotide or the duplex DNA ( Figure S2A ) to assess how this might affect PICH's translocation function. We found that fully annealed and partially annealed oligonucleotides could be displaced ( Figure S2A ), as could an oligonucleotide annealed to short duplex (60 bp) ( Figure S2B ). These data indicate that the loading of PICH to DNA can occur when the free dsDNA region is only 20 bp long. Moreover, PICH does not require a free DNA end on the dsDNA in order to initiate translocation, as revealed by its ability to displace a triplex annealed to a circular plasmid molecule ( Figure S2C) . Consistent with the above data, electrophoretic mobility shift assays indicated that PICH formed a stable complex with dsDNA, but not ssDNA ( Figure S2D ). This binding was not compromised by substitution of the Walker A-box lysine residue.
We also demonstrated that PICH could translocate a Holliday junction, a defined intermediate in homologous recombination. This was analyzed because RAD54, a SNF2 family member with significant sequence similarity to PICH (Ceballos and Heyer, 2011; Tan et al., 2003) , has been reported to catalyze Holliday junction branch migration (Mazin et al., 2010) . Through analysis of the widely used 'X-12' mimic of a Holliday junction (Whitby and Lloyd, 1998) , we showed that PICH can promote branch migration of the 4-way junction into the characteristic 'splayed arm' products ( Figure S3A-C) . This activity was, as expected, absent from PICH-K128A protein.
PICH does not show a significant ability to remodel nucleosomes
Recent data suggest that PICH might display remodelling activity of histones on anaphasebridge DNA (Ke et al., 2011) , which would be consistent with the elevated frequency of histone-associated anaphase bridges seen in PICH-depleted cells (Kaulich et al., 2012; Ke et al., 2011) . Therefore, we analyzed the ability of our PICH preparations to reposition nucleosomes. Typically, such activity can be detected using model templates on which nucleosomes are assembled at either the centre or ends of short DNA fragments. To test the activity of PICH, we used nucleosomes assembled at the end (0w47), or centre (42×47, 54A54) using canonical histones, or octamers incorporating the centromeric histone variant CENP-A (as most UFBs are centromere-derived). Although we analyzed several independent PICH preparations, including native PICH and the PICH-eGFP preparations utilized in the single-molecule studies (see below), we were unable to detect any effect of PICH on nucleosome position or stability on the DNA ( Figure S4 ). Hence, we conclude that PICH is unlikely to function in nucleosome remodelling of regular chromatin, at least not in the absence of other co-factors or DNA tension (see Discussion).
Direct visualization of PICH-DNA interactions
To visualize the interaction of PICH with DNA in real time, we utilized a combination of double-trap optical tweezers, fluorescence microscopy and micro-fluidics. This approach allowed us to visualize eGFP-labeled PICH proteins as they interacted with a phage λ DNA molecule tethered at each end by a trapped polystyrene microsphere, mimicking a UFB under tension (Figure 2A-C) . Most of the experimental results presented were obtained using PICH-eGFP; however, we always verified that comparable results were obtained using the eGFP-PICH variant (see Figure S5A /B). We found that PICH displayed a remarkably high affinity for dsDNA, such that extremely low concentrations of PICH (<100 pM) could be utilized for single-molecule studies. Accordingly, we were able to follow the binding and dissociation of PICH from the DNA in real time ( Figure 2B and Movie S1). Altogether, the experimental set-up allowed the visualization of single fluorescent proteins with sub-second time resolution and a spatial resolution of 30 nm, while the tension applied to the DNA was being controlled with an accuracy of ±0.1 pN.
Stoichiometry and footprint of the PICH-DNA interaction
eGFP-labeling of proteins provides a straightforward way to determine the stoichiometry of interactions with DNA because it ensures that each bound protein carries a single label. We measured the average fluorescence intensity from multiple PICH-DNA interactions, and found that ~95% of the events displayed a narrow brightness range, which could be fitted to a single Gaussian distribution ( Figure 2D ). We then conducted experiments under conditions where the eGFP undergoes a destructive photoreaction (bleaching) ( Figure 2E ). We found that bleaching generally occurred in a single step, a feature typical of single dyes. Only iñ 5% of the cases were two bleaching steps observed. We thus conclude that the major fluorescent population likely corresponds to PICH monomers.
The eGFP labeling of PICH also allowed us to estimate the area of the DNA that is covered by the protein (the 'footprint'). By employing a higher PICH protein concentration (75 nM), we could saturate the DNA binding ( Figure 2C ). From the calibrated single eGFP fluorescence intensity, we calculated the number of PICH monomers per λ DNA molecule to be 2400 ± 300. From this, we deduced a DNA footprint for PICH of 17 bp ± 3 bp (equivalent to ~6 nm), a value consistent with our finding that loading of PICH to DNA can occur when the free dsDNA region is only 20 bp in length ( Figure S2B ).
Dynamics of PICH binding to DNA
Next, we determined the DNA binding and dissociation characteristics of PICH by real-time imaging. Using kymographs derived from the image sequences, we determined the protein off-rate by counting the duration of individual protein-binding events ( Figure 3A and Movie S1/2). The cumulative distribution of dissociation times could be fitted with a single exponential decay ( Figure S6A ). Moreover, we found that a decrease in the concentration of monovalent salt from 100 mM to 25 mM NaCl led to an increase of the interaction time of PICH with DNA by a factor of ~20 (18 s to 360 s; see Supplemental Information and Figure  S6 ). We propose, therefore, that the binding of PICH to DNA is predominantly chargecontrolled and likely mediated via the phosphate backbone.
Visualization of PICH translocation in real time
Most PICH-DNA interaction events displayed kymograph lines that deviated from a horizontal course, which could be attributed to the PICH molecules being able to translocate along the DNA ( Figure 3A-C) . These translocation events were directed and ATP-dependent ( Figure S6D ), as expected for a SNF2 family ATPase. From velocity histograms, we deduced an average translocation speed of 9.8 ± 0.2 nm/s (approximately 30 bp/s) at 100 mM NaCl ( Figure 3D ). In low salt buffer (25 mM NaCl), the translocation rate was marginally lower (7.2 ± 0.2 nm/s).
Interestingly, we observed that the direction of protein translocation switched spontaneously, an effect that was more obvious in reactions conducted under low salt conditions ( Figure 3C ). Moreover, this switching behaviour was observed using various different protein concentrations, including a very low concentration (5 pM), indicating that switching occurs for PICH molecules that are very likely to be in a monomeric state ( Figure  S7 ). After switching, neither the speed nor average distance of translocation changed significantly. The average time that elapsed from one directional switching episode to the next was well described by a mono-exponential decay, yielding a switch time of ~40 s ( Figure 3E ). This corresponds to a translocation processivity of ~800 bp. The switching time was largely independent of the salt concentration: at high salt, we obtained a similar value (>50 s, see Supplemental Information). Thus the observed switching is very unlikely to be caused by protein hopping. Interestingly, the kymographs of long duration events resemble random translocation due to 1D diffusion, even though the translocation is driven by a molecular motor ( Figure 3F ). This is of note because it is generally assumed that random motion is driven by diffusion (i.e. thermal energy).
Dependence of PICH binding on DNA tension
The use of optical tweezers permits control of the degree of tension that is applied to the DNA. This is of particular interest in the case of PICH because it binds to DNA strands (anaphase bridges) that are presumed to be under tension as a result of their attachment to sister chromatids being pulled toward opposite poles of the mitotic spindle. To test the possibility that PICH might recognize stretched DNA, we recorded the binding of PICH to DNA while increasing the force applied to the DNA from 1 pN to ~55 pN, the maximum force at which the DNA double helix remains stable (Gross et al., 2011; van Mameren et al., 2009b ) ( Figure 4A /B and Movie S3). Applying higher tensions significantly increased the affinity of PICH for DNA through a decrease in the protein off-rate ( Figure 4C) . A force increase from 1 pN to 30 pN led to a 10-fold increase of the interaction time of PICH with the DNA (from 1.5 s to 14.5 s). At higher forces (>35 pN), the interaction time reached a maximum and then declined slightly ( Figure 4D ). Hence, our data indicate that the efficiency of binding to DNA by PICH is strongly enhanced by the application of stretching forces to the DNA up to a level of 35 pN.
Next, we asked if the apparently novel properties of PICH, most notably the ability to respond to the level of DNA tension, might be a common property of the Rad54 subgroup of SNF2 family proteins. To investigate this, we undertook a direct comparison between eGFPlabeled PICH and hRAD54 ( Figures 5A-C) . We found that the DNA binding properties of PICH and hRAD54 were strikingly different. For example, under 'physiological' buffer conditions, where PICH has a high affinity for binding dsDNA, we could not detect hRAD54:DNA interactions. In agreement with previous data, however, binding of hRAD54 to dsDNA could be detected in buffer containing a very low salt concentration (Amitani et al., 2006; Bianco et al., 2007) . Under these conditions, we observed not only ATPdependent translocation of hRAD54, but also ATP-independent diffusion on the DNA. This latter property also distinguishes hRAD54 from PICH, because PICH remains stationary in the absence of ATP. Moreover, we found that the interaction time of hRAD54 with the DNA is at least an order of magnitude longer than that for PICH under these buffer conditions. Finally, and most significantly, we did not observe any changes in the binding to or dissociation from the DNA of hRAD54 following changes in the degree of DNA tension ( Figure 5C ). We conclude, therefore, that PICH possesses features unlike those of a very closely related SNF2 family member, and has adaptations that are consistent with a role in recognizing and binding to DNA under tension in anaphase.
PICH oligomerization and structural impact of PICH on DNA
Next, we tested if oligomerization might occur at high PICH concentrations. Because of the high affinity of PICH monomers for DNA, it was not possible to track individual PICH molecules at high protein concentrations because the density of fluorescent spots on the DNA would exceed the resolution limit of the instrument (250 nm). We therefore chose an indirect way to demonstrate the occurrence of PICH oligomers at higher concentrations. We analyzed whether the interactions between low concentrations of PICH-eGFP (80 pM) and DNA displayed any change in characteristics upon addition of a 15-fold molar excess of non-fluorescent PICH ( Figure 6A ). We found that the interaction time of the bound PICHeGFP increased significantly upon addition of unlabeled PICH ( Figure 6B ). This not only indicates the occurrence of PICH oligomerization, but also demonstrates that these oligomers bind more stably to DNA. Notably, the PICH oligomers also displayed an ability to translocate. However, the distance translocated was small (<100 nm), most likely because at this high protein density any motion of the PICH oligomers would be obstructed. Importantly, the stabilization of binding under tension-induced stretching seen with the monomers was also seen with the oligomers ( Figure 6C ).
Since UFBs in cells are densely coated with PICH, we also recorded force-extension curves using PICH-saturated DNA ( Figure 6D ). We deduced the physical properties of the coated DNA that was being exposed to low to moderate levels of force (1-30 pN) by fitting the observed data with the extended worm-like chain (Odijk, 1995) . We found that, compared to uncoated DNA, the persistence length of the PICH-coated DNA was significantly reduced, while the contour length was increased (Supplemental Information). This indicates that PICH binding results in a simultaneous bending and lengthening of the DNA duplex. Similar effects were seen for all ATP-binding variants (PICH, PICH-eGFP and eGFP-PICH; Figure S5C ). Interestingly, we found that the impact of PICH on DNA conformation strongly depended on whether nucleotides were present in the reaction. In the presence of ATP, DNA bending and lengthening was significantly more pronounced than it is in the absence of ATP ( Figure 6D ). Another notable feature of the PICH-coated DNA was the disappearance of the overstretching plateau at high forces (~65 pN), which for naked DNA denotes force-induced strand separation (i.e. melting) (Gross et al., 2011; van Mameren et al., 2009a) . Instead, with PICH bound to DNA, the force-induced overstretching increased monotonously with the extension, indicating that PICH stabilizes the DNA double helix.
DISCUSSION
Biochemical and biophysical characteristics of PICH
We have utilized both ensemble and single-molecule techniques to investigate the biochemical and biophysical properties of the human PICH protein, in order to gain insight into its biological role in mitosis. Broadly speaking, our data show that PICH possesses the expected biochemical properties of a SNF2 family member (Enemark and Joshua-Tor, 2008; Pazin and Kadonaga, 1997) in being a DNA-dependent ATPase and an ATP-dependent translocase, but lacking helicase activity. Nevertheless, from comparisons of our data on PICH with those in the literature, together with our own studies on hRad54, it is clear that PICH differs significantly in its properties even from close family members such as hRAD54 or yeast Rad54 and Rdh54 (yRad54/yRdh54). For example, yRad54 is capable of migrating on dsDNA at 300 bp/s over distances >10 kb (Amitani et al., 2006; Bianco et al., 2007; Ceballos and Heyer, 2011; Mazin et al., 2010; Nimonkar et al., 2007; Prasad et al., 2007; Tan et al., 2003) . The mechanism by which yRad54 achieves such an impressively high speed and processivity is not fully elucidated, but likely requires the enzyme to adopt a multimeric (and possibly ring-like) assembly on the DNA. In contrast, our data show that PICH differs from yRad54 in several respects: (i) PICH is a slower and much less processive translocase. (ii) PICH displays a four orders of magnitude higher affinity for dsDNA than does yRad54 (Ceballos and Heyer, 2011) . (iii) The duration of DNA binding by PICH is more transient (0.1 s −1 , under physiological conditions). These distinct properties likely reflect differences in the assembly state of PICH and yRad54, because our data indicate that PICH is capable of translocation even when in a monomeric assembly state. We did obtain evidence for oligomerization of PICH at elevated concentrations; however, we found no indication that PICH oligomers display fundamentally different enzymatic properties from the monomeric form.
One notable feature of PICH is that it is able to spontaneously reverse its direction of translocation. This feature is also observed for some Rad54 family proteins. In those cases, it is usually attributed to different protomers of the oligomer making contact with the DNA in turn, which for a monomer such as PICH would not be possible. We considered the possibility that the observed switching might originate from PICH dimers or oligomers in the preparation, which might be 'invisible' due to there being a substantial fraction of nonfluorescent eGFP moieties. However, we obtained no indication for any protein concentration dependence of the switching time, and hence we believe this possibility to be unlikely. It might be that monomeric PICH has two independent DNA binding sites, and that switching is caused by the dissociation of DNA from one site and subsequent rebinding to the other site after reorientation of the protein. Because of the frequent switching of direction, the translocation distance between switching events is relatively low for PICH. Hence, over longer time scales, the net translocation distance would scale with the square root of time, which is identical to 1D diffusion. However, for an enzyme such as PICH that is 'designed' to coat anaphase bridge DNA at high density, translocation over long distances would not be expected to be a requirement. Despite the similarities of PICH translocation with 1D diffusion, there is one important difference: PICH consumes energy while moving, which allows for force generation with respect to the DNA and which in turn could be important if PICH needs to remove obstacles from the DNA (see discussion below).
The force-extension curves of PICH-coated DNA showed that PICH binding results in a number of changes to the structure of the DNA. PICH binding generates DNA bending, an increase in the DNA contour length and a stabilization of the DNA against unwinding due to overstretching. These findings are corroborated by the force dependence of the interaction time: at levels of tension below 30 pN, PICH binding to DNA is stabilized because the lengthening of the DNA is facilitated by the application of higher forces. In particular, the exponential force dependence can be used to calculate that a single PICH monomer lengthens the DNA duplex by 0.32 ±0.08 nm. At the same time, the bending induced by the protein is negatively affected by the application of stretching forces, such that at forces above 30 pN the corresponding destabilization of the PICH-DNA interaction outweighs the effect of DNA lengthening. This tension sensitivity is not a general feature of all SNF2 family proteins, as evident from our demonstration that hRAD54 binding to DNA is neither increased nor decreased by the application of stretching forces to the DNA.
Does PICH remodel nucleosomes?
Recently, it was proposed that the role of PICH might be to remodel chromatin on UFBs (Ke et al., 2011) . While this proposal is consistent with the fact that UFBs do not seem to be chromatinized, the reported remodeling activity was very weak; indeed, it was several orders of magnitude less efficient than that seen with Chd1, a bona fide remodeler of the same family (Ke et al., 2011) . We could not reproduce the findings of Ke et al. using our PICH and human nucleosomes, despite undertaking analysis of several different PICH preparations. Moreover, we also failed to see remodeling using the centromeric human H3 histone CENP-A, which we tested because of the possibility that PICH might show specificity for centromeric nucleosomes. Additional evidence that PICH is unlikely to expel nucleosomes by itself was discussed recently (Kaulich et al., 2012) .
A new model for the function of PICH in the maintenance of genome stability
We propose a model (Figure 7 ) for the role of PICH in mitosis that combines our new findings on the biophysical properties of PICH with current knowledge on the characteristics of chromatin being subjected to stretching forces . Because the binding of PICH to DNA is initiated by charge interactions, it might be expected that PICH has a low affinity for normal chromatin, where much of the phosphate backbone is shielded by nucleosomes. If, however, during early anaphase, an attempt is made to segregate sister chromatids that still contain catenated DNA, there would be a build-up of force initially near the point of entanglement. This would immediately affect the chromatin structure, because nucleosomes are very sensitive force sensors and only a few pN of force are needed to initiate unwrapping of individual nucleosomes to the point that linker DNA (typically 20-60 bp long) is exposed to solution (Kruithof et al., 2009) . Based on our demonstration that PICH has a remarkably high affinity for dsDNA molecules as short as 20 bp, it is reasonable to assume that PICH monomers would bind rapidly to any regions of bare linker DNA exposed by tension-induced nucleosome unwrapping. The DNA exposed by nucleosome eviction would also be under tension, which would result in a stabilization of the bound PICH to the DNA. Since tension weakens nucleosome binding, it also lowers the energy barrier that a translocase enzyme like PICH would need in order to effect nucleosome eviction. Hence, although we have no experimental evidence for this, we certainly do not rule out the possibility that PICH might possess some ability in vivo to facilitate nucleosome eviction. In fact, a force-dependent nucleosome eviction activity function for PICH would explain why we observed no activity on properly assembled nucleosome samples in vitro. It should be noted, however, that our model does not rely on the existence of any forcedependent nucleosome eviction by PICH, since the affinity of PICH for UFBs will depend on the combined effect of the sensitivity of the nucleosome (weakening with increasing tension) and of PICH binding to DNA (stabilizing with increasing tension). Hence, even without active nucleosome eviction, the formation of a PICH coated UFB would be favored. This is in agreement with results (Baumann et al., 2007) showing that an ATPase-dead variant of PICH can still localize to UFBs, even though this variant lacks the ability to translocate and actively evict nucleosomes. Once bound to the UFB, we propose that PICH plays two additional roles. First, it acts to stabilize the DNA from stretching-induced DNA denaturation. This would be of particular importance if the DNA contains nicks or singlestranded regions that would be prone to force-induced unraveling of the complementary strands. Second, PICH recruits other proteins to the UFBs, including the BTRR complex (Baumann et al., 2007; Chan and Hickson, 2011; Chan et al., 2007; Ke et al., 2011; Ying and Hickson, 2011) .
In summary, our new model posits that the interplay between force-induced nucleosome unwrapping and PICH binding to DNA could be the central tension sensing mechanism that starts the chain of catalytic events that leads to the resolution of UFBs during mitosis, a reaction that we propose is catalyzed either by topoisomerase II or by the BTRR complex.
EXPERIMENTAL PROCEDURES Generation of constructs and DNA substrates
Details of the construction of PICH expression plasmids and DNA triplexes can be found in the Supplemental Information.
Recombinant PICH protein expression and purification
In order to characterise the biochemical and biophysical properties of PICH, we purified four recombinant versions of the protein from baculovirus-infected insect cells. Two were hexa-histidine tagged, full-length PICH proteins (hereafter termed 'native PICH') that were not fused to GFP. Details of the purification of these proteins can be found in the Supplemental Information.
ATPase assays
The ATPase activity of PICH was assayed using a commercial kit (Innova Biosciences) according to the manufacturer's instructions. Where indicated, reactions contained 500 ng of a specified DNA co-factor.
DNA binding assays
Electrophoretic mobility shift assays (EMSAs) for analyzing the binding of purified PICH or PICH-K128A protein to DNA were conducted as described in the Supplemental Information.
Translocase and branch migration assays
Details of the PICH migration assays can be found in the Supplemental Information.
Nucleosome remodeling assays
Recombinant human histone proteins were expressed and purified as described previously (Flaus et al., 2004 ) except for human CENP-A, which was expressed as a soluble tetramer with histone H4 as described by Black et al. (Black et al., 2004) . Yeast RSC was expressed and purified as described by Ferreira et al. (Ferreira et al., 2007) . Nucleosomes were assembled using standard salt-gradient dialysis methods using recombinant human histones and PCR-generated DNA fragments. The Cy5 or Cy3 labelled PCR fragments contained the 601 or MMTV NucA nucleosome positioning sequences in the centre (47w47, 54A54) or at the end (0w47). Nucleosome sliding assays were performed in 50 mM NaCl, 50 mM Tris (pH 7.5), and 3 mM MgCl 2 plus or minus 1 mM ATP, as indicated in the Figure. The reactions were incubated at 37°C with the amount of RSC or PICH specified in the Figure. Reactions were stopped after 30 min by addition of 1 μg of plasmid DNA and sucrose to 5% (w/v) before electrophoresis on 0.2xTris-Borate-EDTA (TBE) 5% native polyacrylamide gels. The gels were scanned for the Cy-dyes signal using a PhosphorImager.
Single molecule assays
Single molecule experiments were carried out in a set-up combining fluorescence microscopy with double optical tweezers (Candelli et al., 2011; Farge et al., 2012; van Mameren et al., 2009b) , as described in the Supplemental Information.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. (A) Kymographs of eGFP-labeled PICH (~50 pM) on DNA molecules at medium tension (25 pN) show that under low salt conditions (25mM NaCl, top), interactions last much longer than in high salt (100 mM, bottom). See also Movies S1 and S2. (B/C) Three independent traces of PICH-eGFP interactions on DNA using high (B) or low (C) salt reaction conditions to demonstrate typical translocation characteristics of PICH. In all cases, the displacement scales linearly with time, as expected for an ATP-dependent translocase. Note the frequent reversal of translocation direction, which it is especially prominent under low salt conditions. Occasional pausing is also apparent. (D) The histograms of observed translocation speeds display a Gaussian distribution in both low and high salt conditions. (E) The cumulative distribution of switch times (i.e., the time that elapses between each reversal of translocation direction) determined under low salt conditions is well fitted by an exponential decay with a characteristic time of ~39 ± 3 s. (F) Because in low salt the switch time is much shorter than the average interaction time, PICH motion resembles random diffusion. See also Figures S6 and S7 . The force-extension curve of a PICH-coated DNA (red) shows that, compared to normal DNA (black), there is, an earlier force increase combined with a shift to longer extension beyond 30 pN. This effect is much more pronounced in the presence of ATP (blue). Furthermore, the overstretching plateau of normal DNA (black) at >60 pN force has given way to a strong force-increasing regime, showing that PICH binding stabilizes DNA against force-induced melting. Proposed model for the action of PICH on UFB formation and resolution. (I) At the start of mitosis, the chromatin is still in the 30 nm fibre configuration. Since the nucleosomes at least partially shield the phosphate backbone of the DNA, PICH is not able to bind stably. (II) Once sister chromatid disjunction is triggered, there is a build-up of tension leading to DNA extension (denoted by the upward facing arrows), which causes fibre elongation, without exposing bare DNA. (III) Beyond a certain force threshold, the area close to the entanglement is forced to extend further into a beads-on-a-string configuration; PICH will accordingly bind to the exposed linker DNA (~50 bp) and is then able to translocate in either direction. (IV) Aided by the tension on the corresponding DNA section, PICH may be able to assist in overcoming the energy barrier for the unwrapping of nucleosomes with a 'weakened grip' on the DNA adjacent to the exposed section. This would expose more free DNA, thus recruiting more PICH mono-and oligomers to the exposed region of DNA. (V) Nucleosomes are expelled from the DNA, which becomes coated with PICH. This has the dual effect of stabilizing the DNA against stretching-induced strand unwinding, and allowing the DNA tension to be maintained at a constant level, as denoted by the horizontal arrows. Finally, PICH recruits the BTRR complex and possibly other DNA metabolising enzyme to permit the disentanglement of the intertwined DNA that had prevented normal disjunction in the first place.
